The pharmacokinetics (PK) and pharmacodynamics (PD) of exendin-4 were studied in type 2 diabetic Goto-Kakizaki rats after single doses at 0.5, 1, 5, or 10 g/kg by intravenous administration and 5 g/kg by subcutaneous administration. Plasma exendin-4, glucose, and insulin concentrations were determined. A target-mediated drug disposition model was used to characterize the PK of exendin-4. Glucose turnover was described by an indirect response model, with insulin stimulating glucose disposition. Insulin turnover was characterized by an indirect response model with a precursor compartment. After intravenous doses, exendin-4 rapidly disappeared from the circulation, whereas it exhibited rapid absorption (T max ϭ 15-20 min) and incomplete bioavailability (F ϭ 0.51) after the subcutaneous dose. Exendin-4 increased insulin release at 2 to 5 min with capacity S max ϭ 6.91 and sensitivity SC 50 ϭ 1.29 nM, followed by a rebound at 10 to 15 min and a slow return to the baseline. Glucose initially declined because of enhanced insulin secretion, and then gradually increased because of the activation of the neural system by exendin-4. The hyperglycemic action was modeled with increased hepatic glucose production with a linear factor S RC ϭ 0.112 1/nM. The mechanistic PK/PD model satisfactorily described the disposition and effects of exendin-4 on glucose and insulin homeostasis in type 2 diabetic rats.
Introduction
Exendin-4 is a 39-amino acid glucagon-like peptide-1 (GLP-1) analog, which was found originally in the saliva of the gila monster. It shares approximately 53% sequence homology with the mammalian GLP-1 (Doyle and Egan, 2007) . Because of amino acid changes, exendin-4 is resistant to the degradation of the enzyme dipeptidyl peptidase-4 and has a longer half-life than native GLP-1. Exendin-4 binds to GLP-1 receptors (GLP-1Rs) to exhibit antidiabetic actions, including glucose-dependent stimulation of insulin secretion, delay of gastric emptying, and protection of ␤-cells. Twice-daily administration has been associated with improvements in glycemic control in type 2 diabetic subjects that are inadequately treated with existing antidiabetic agents (Cvetković and Plosker, 2007) . Single bolus doses of exendin-4 effectively reduced postprandial plasma glucose excursions in humans (Kolterman et al., 2005) . Long-term treatment has been shown to lower HbA 1c , decrease body weight, and improve ␤-cell function in animals and humans (Young et al., 1999; Tourrel et al., 2002; Klonoff et al., 2008) .
The Goto-Kakizaki (GK) rat, a lean model of type 2 diabetes, exhibits spontaneous polygenic disease (Goto et al., 1988) . This is produced by repeated inbreeding of Wistar rats using glucose intolerance as the selection index. After 35 generations of breeding, diabetes in this animal model is stable. The GK rat shows hyperglycemia, mild insulin resistance, impaired glucose-induced insulin secretion, and a decrease of ␤-cell mass. Exendin-4 has shown promising antidiabetic effects in GK rats. Tourrel et al. (2002) observed an expansion of ␤-cell mass and a delay of the onset of overt diabetes in the GK rats after 5 days of exendin-4 treatment during the neonatal age. Furthermore, 12 weeks of treatment from 10 weeks of age effectively decreased HbA 1c in GK rats (Simonsen et al., 2009) .
Mechanism-based pharmacokinetic (PK)/pharmacodynamic (PD) models can be used to quantitatively understand the relationship between drug concentrations (PK) and biological responses (Mager et al., 2003) . Extensive PK/PD modeling was applied to characterize the glucose and insulin system in various circumstances, such as for the glucose tolerance test or during drug treatment (Landersdorfer and Jusko, 2008; Silber et al., 2010) . However, the only currently available PD model for exendin-4 was proposed by Mager et al. (2004) . The model characterized the effects of exendin-4 on human glucose-insulin homeostasis in hyperglycemic clamp studies, but used a hypothetical linear PK function.
Based on the promising antidiabetic effects of chronic exendin-4 treatment, we aimed to investigate the immediate effects after acute administration in diabetic GK rats. Further understanding of the role of exendin-4 in the regulation of the glucose and insulin system was assessed using extensive experimental data obtained from GK rats and mechanistic PK/PD modeling. The PK/PD model was further validated using separate animal studies. Using rats as an experimental model to assess the PD of exendin-4 was also addressed.
Materials and Methods
Animals. All studies were approved by the Institutional Animal Care and Use Committee of the University at Buffalo. Male GK rats at 9 to 10 weeks with weights ranging from 200 to 250 g were purchased from Taconic Farms (Germantown, NY). The animals had free access to food and water and were maintained on a 12-h light/dark cycle. All animals were acclimatized for 1 week before the initiation of the study. One day before the study, all rats underwent right jugular vein cannulation under ketamine/ xylazine anesthesia. Cannula patency was maintained with sterile 0.9% saline.
Experimental Procedures. Exendin-4 (GenScript USA Inc., Piscataway, NJ) was diluted immediately before injection using saline for injection. Rats were divided into five groups (doses of 0.5, 1, 5, or 10 g/kg i.v. and 5 g/kg s.c.) on the basis of equivalent mean values of glucose and body weight (n ϭ 3 for 0.5 g/kg, n ϭ 6 for 1 g/kg, n ϭ 5 for 5 g/kg, n ϭ 7 for 10 g/kg, and n ϭ 6 for 5 g/kg s.c.). Sampling times were selected based on previous pilot studies of exendin-4 PK and dynamic effects. Plasma was stored at Ϫ80°C until assay. The blood volume taken was less than 0.9% of body weight.
Plasma concentrations of exendin-4 were determined using the commercial Exendin-4 EIA kit (Phoenix Pharmaceuticals, Burlingame, CA). Standard curves ranged from 0 to 100 ng/ml, and the linear range was from 0.08 to 0.86 ng/ml. The lower limit of detection was 0.08 ng/ml, and the lower limit of quantification was 0.1 ng/ml. The intra-assay variability was Ͻ10%, and the interassay variability was Ͻ15%. Plasma samples with exendin-4 concentrations Ͼ0.86 ng/ml were diluted with the diluents provided by the manufacturer. General procedures followed the manufacturer's instructions. Plates were read at OD 450 on a SpectraMax 190 enzyme-linked immunosorbent assay plate reader (Molecular Devices, Sunnyvale, CA).
Blood glucose was measured using a BD Logic blood glucose meter (BD Medical, Franklin Lakes, NJ). Plasma insulin was measured using a commercial rat enzyme-linked immunosorbent assay kit (Millipore Corporation, Billerica, MA). The assay was carried out according to the manufacturer's directions with a coefficient of variation between assays of Ͻ10%.
Model Evaluation Animal Studies. Study 1 was conducted in three GK rats (10.5 weeks old). After recovery from cannulation surgery, rats received exendin-4 (5 g/kg) through the cannula. Blood glucose was monitored within 2 h. After 2 days of washout, rats were given the drug at the same dose level, and insulin concentrations were measured.
Study 2 was conducted in two GK rats (11 weeks old). After recovery from jugular vein cannulation, rats were dosed with exendin-4 (5 g/kg) via subcutaneous injection. Blood glucose and insulin were measured.
PK/PD Model. For initial PK data evaluation, mean profiles of exendin-4 for each intravenous dose obtained from rats were used to perform a noncompartmental analysis and curve fitting to a biexponential equation (C p For the next stage, a mechanism-based modeling approach was used for data analysis. The general scheme of the applied PK/PD model is presented in Fig. 1 . The free exendin-4 (C) in plasma can bind to GLP-1R (R) with a second-order rate constant (k on ) to form drug-receptor complex (RC), distribute to and from tissues (A T ) by first-order rates (k pt and k tp ), and be directly eliminated (k el ). The RC can dissociate at a first-order rate (k off ) and be internalized and degraded (k int ). The GLP-1R (R) is synthesized at a zero-order rate (k syn ) and degraded at a first-order rate (k deg ) with the relationship of R tot ϭ k syn /k deg . The target-mediated drug disposition (TMDD) PK model can be described by: Tables 1 and 2 .
The input function for eq. 1 after intravenous doses is 0 and after subcutaneous doses is:
where k a is the first-order absorption rate constant and F is the absolute bioavailability after subcutaneous doses. Units for C, R, and RC are nanomolar, and those for other parameters are listed in Table 1 . Pharmacodynamic Model. The pharmacodynamic model proposed for insulintropic effects of exendin-4 is shown in Fig. 1 . Blood glucose arises from exogenous food intake and endogenous gluconeogenesis and glycogen breakdown. It can be consumed for energy or stored as glycogen or fat in peripheral tissues. In animals with normal ␤-cell function, once glucose concentrations rise, it will be transported into ␤-cells to stimulate insulin synthesis and release. Insulin has broad glucose-lowering effects by inhibiting inputs such as gluconeogenesis and glycogenolysis, as well as by stimulating outputs such as glucose uptake into peripheral tissues, glycogen synthesis, triglyceride synthesis, and storage. This metabolic system is maintained in balance in normal physiological states. However, glucose seemed not to stimulate insulin release efficiently in GK rats. After the rapid release during the initial phase (0 -10 min), insulin response was blunted even though glucose was much higher than basal levels (Edholm et al., 2009) .
Exendin-4 has direct effects on hepatic glucose production and stimulates glucose increase through activation of the neural system (Pérez-Tilve et al., 2010) . The hyperglycemic effect lasted longer than insulin release, and a biophase compartment could be used to describe the delay. However, the decline of glucose during the later time of the study period occurs in parallel with RC profiles and a biophase compartment generated profiles with similar trends as the RC. Therefore, the RC acts similarly to a biophase compartment and was used as the driving function for the glucose elevation.
Based on the above mechanisms, a PD model incorporating glucose/ insulin inter-regulations as well as exendin-4 effect on glucose and insulin was developed as depicted in Fig. 1 . The model equations were fitted to glucose and insulin data from all treatments simultaneously.
Glucose homeostasis was described by an indirect response model: k outG is the first-order output rate constant, and k inG is the zero-order input rate constant. The dynamics of insulin was characterized by an indirect response model with a precursor pool: k 0 is the zero-order precursor input rate constant, and k p and k outI are the first-order precursor and insulin output rate constants, respectively, with the relationship k 0 ϭ k p ⅐ InsP 0 ϭ k outI ⅐ Ins 0 , where InsP 0 and Ins 0 are the precursor and insulin concentrations, respectively, before treatment. Insulin stimulates glucose disposition with a linear stimulation factor S Ins . The change of insulin from its threshold value (Ins h ) was used to drive this stimulatory effect.
Exendin-4 stimulated the precursor pool to release insulin via C and glucose production via RC. The glucose and insulin changes are described by:
with
where S max and SC 50 are drug-specific parameters representing the maximum stimulation of the response and the exendin-4 concentration required for half-maximum stimulation. The threshold insulin Ins h is fixed as the literature value of 1.44 ng/ml (Gao et al., 2011) . Glu is expressed in milligrams per deciliter, and InsP and Ins are expressed in nanograms per milliliter. The units of individual PD parameters are listed in Table 2 . Naive-pooled data from all animals in each dose group were used to fit the PK/PD model. The PK samples below the limit of quantifications were discarded. All computer fittings and simulations were done using ADAPT II (Biomedical Simulations Resource, University of Southern California, Los Angeles, CA) with the maximum-likelihood method (D'Argenio and Schumitzky, 1997). The variance model was
2 , where V i is the variance of the ith data point, 1 and 2 are the variance model parameters, and Ŷ i represents the ith model predicted value.
Various proposed PD models were fitted and compared, including models containing glucose-induced insulin release and exendin-4-induced precursor synthesis or inhibiting glucose output. The PK 
Results
Pharmacokinetics. One objective of this study was to evaluate the PK of exendin-4 in GK rats. The mean exendin-4 concentration-time profiles after various doses in rats are shown in Fig. 2 . The PK profiles show a biexponential decline with typical characteristics of TMDD where low doses showed rapid decline in early concentrations after intravenous injection. Terminal half-lives ranged from 15 to 33 min with increasing doses after intravenous injection. The noncompartmental analysis results from the mean profiles of exendin-4 are summarized in Fig. 3 . Because of limited target binding capacity, drugs exhibiting TMDD often show saturable clearance and distribution, with decrease in apparent distribution parameters (CL, CL D , and V ss ) with increasing doses. Generally, this trend is not observed with the central compartment volume, V c . However, GLP-1Rs are widely expressed in vivo and these receptors may occupy tissues that are in rapid equilibrium with blood, resulting in changes in V c . After subcutaneous injection, the terminal half-life was 70 min, indicating the involvement of slow absorption and flip-flop kinetics.
The proposed PK model well captured the overall profiles of exendin-4 after both routes of administration at each dose level as shown in Fig. 2 . A MM model is the most common model dealing with saturation kinetics. However, even with fewer parameters, this model did not provide better fitting than the TMDD model. Moreover, the MM model lacks a complete mechanistic nature and does not include the endocytosis process that is initiated upon binding of exendin-4 to GLP-1R. Thus, considering that no overparameterization existed in this case (Gibiansky et al., 2008) , the better model fittings and description of the underlying mechanisms of exendin-4 disposition justifies preference of the TMDD model.
All parameters were estimated (Table 2 ) with reasonable precision (Ͻ40% except for k pt ). The clearance (CL c ϭ k el ⅐ V c ) is 8.6 ml/min/kg. In GK rats, the relative contribution of CL c to the total clearance was only 20% at the lowest dose, and nearly 100% at the highest doses. The equilibrium dissociation constant K D (ϭ k off /k on ϭ 0.19 nM) is in the range of the reported values for specific binding of exendin-4 and GLP-1 to normal rat tissues (Göke et al., 1995; Larsen et al., 1997; Satoh et al., 2000) . The total receptor (R tot ) was estimated to be 5.17 nM for GK rats. The internalization rate in GK rats 
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Pharmacodynamics. Changes of insulin and glucose concentrations after exendin-4 injection in GK rats are shown in Fig. 4 . Baseline insulin was 3.75 Ϯ 1.32 ng/ml (p ϭ 0.17 between groups). Plasma insulin markedly increased in all dose groups and reached a maximum at 2 min for all intravenous dose groups and at 5 min for the subcutaneous group. The peak insulin concentrations were not significantly different (p ϭ 0.11). At approximately 10 min, the insulin profiles showed a rebound as concentrations went below baseline and slowly returned to the pretreatment value. Insulin responses in the high-dose group were significantly higher than the lowest-dose group (AUC ins(0 -8min) above baseline, where AUC is the area under the curve; p Ͻ 0.05). A trend of a sigmoidal dose-response relationship existed, but was not significant.
The average glucose concentration was 267 Ϯ 59 mg/dl and not different between groups (p ϭ 0.63). After injection of 0.5 g/kg exendin-4, blood glucose increased immediately from 229 mg/dl and peaked at 389 mg/dl at 20 min. All other groups had similar patterns: a transient drop after exendin-4 injection, and a gradual increase to the maximum at approximately 60 min, followed by a slow decline at similar rates. The percentage of glucose change over baseline at 20 min was significantly different between dose groups (p ϭ 0.03).
As shown in Fig. 4 , the present integrated PK/PD model ( Fig.  1) adequately characterized glucose and insulin concentrations. Table 2 lists the parameter estimates. This model represented the final selection after comparing several other model versions. For example, the feedback model was initially fitted to the data, but it failed to describe the blunted insulin response in the late phase when glucose stayed high. Another model with exendin-4 stimulating insulin precursor production could not characterize the rapid increase and decline of insulin during the first time points. Glucose and insulin concentrations in all dose groups were captured nicely with the current PK/PD model. Moreover, the model successfully predicted the insulin and glucose responses in studies conducted in separate groups of animals (Fig. 5 ). In the confirmatory animal studies, the two groups of rats came from different batches and the sampling schedules were different. The model predictions reasonably agree with the observed responses.
Parameters controlling glucose and insulin metabolism were estimated with good precision (Ͻ80%) and comparable with literature reported values. The k outI was identical to the one observed in Sprague Dawley (SD) rats (W. Gao and W. J. Jusko, unpublished data), although the simple indirect response model was used to describe insulin turnover in SD rats. The k out value for glucose was 0.0224 min Ϫ1 , corresponding to a half-life of 31 min. The k outG was only half of that in SD rats, suggesting the acute insulinindependent glucose utilization in GK rats might be impaired. Baseline parameters Glu 0 and Ins 0 were estimated separately for each dose group to account for the high variability of glucose and insulin concentrations. This resulted in different parameter values for the glucose production rate constant (k inG ), insulin precursor production rate constant (k 0I ), and insulin precursor levels (InsP 0 ), but otherwise the profiles were fitted with a universal set of parameters. Parameter S Ins (0.708 ml/ng) describes the regulation of glucose disposition by insulin in GK rats. It implies that glucose utilization would increase 2-fold when insulin concentrations increase by 1.4 ng/ml.
The S max and SC 50 are drug-specific parameters characterizing exendin-4 effects on insulin regulation. Both the plasma drug concentration (C) and the RC were tested as the driving force for insulintropic effect, with the former favored. The straightforward evidence is that, after intravenous bolus of exendin-4, the maximum insulin stimulation occurred before the maximum RC. Actually, pancreatic GLP-1R is expressed mostly on the surface of the ␤-cells facing the endothelium (Tornehave et al., 2008) , and exendin-4 can bind to receptors quite fast and can directly stimulate insulin release. Therefore, a biophase compartment between plasma and pancreas is unnecessary. The current study confirms that the plasma concentration is a more appropriate driving force for exendin-4 to stimulate insulin release. In the two high-dose groups, plasma exendin-4 concentrations were maintained above its SC 50 (1.29 nM) for 30 to 45 min after injection, which leads to the delayed insulin return to baseline from the rebound. 
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Glucose profiles declined during the late phase of the study in parallel with each other and with a rate close to the decreasing rate of the exendin-4-GLP-1R complex (RC) (Fig. 6) . A biophase between C and SG max was unnecessary because the biophase profiles showed similar trends with the RC. Therefore, the RC was used to drive hyperglycemia by enhancing glucose production via the activation of the neural system (Pérez-Tilve et al., 2010), with a linear stimulation factor estimated to be 0.112. A sigmoidal model was examined, but resulted in a SD 50 with low precision (CV ϭ 1720%) and a higher Akaike information criterion value. Therefore, the linear model was used. Because of the slow turnover of the RC, this hyperglycemic effect was prolonged for 300 to 900 min.
Discussion
Exendin-4 shows antidiabetic effects in animals and humans. To our knowledge, this is the first study of the acute effects of exendin-4 in diabetic rats with application of a mechanistic model to quantify its disposition and acute effects on glucose-insulin homeostasis. A general TMDD model delineating receptor-mediated drug disposition was proposed to characterize the nonlinear kinetics. The likely mechanism of action of exendin-4 was integrated into a model of the glucose-insulin system, thereby facilitating the simultaneous analysis of glucose and insulin responses to drug effects.
Pharmacokinetics. A general TMDD approach to model in vivo PK data of drugs was introduced and successfully applied to many different therapeutic agents (Mager and Jusko, 2001) . In GK rats, all concentration profiles from five dose levels (Fig. 2) were well described with one set of PK parameters using the TMDD model.
A wide range of doses is needed to detect and properly quantify nonlinearities in PK. In this study, the dose was as low as 0.5 g/kg. Early concentration data were available jpet.aspetjournals.org from 2 min after intravenous bolus dosing, and observed concentrations ranged widely around the K D value. Therefore, all parameters were precisely estimated.
The primary elimination route of exendin-4 has been proposed as glomerular filtration (Copley et al., 2006) and, physiologically, k el represents elimination by kidney. The CL c in GK rats was similar to reported creatinine clearances in GK rats (Sato et al., 2003) . Renal function seems to be similar between GK and healthy rats at the age when the current study was conducted (Phillips et al., 1999; Schrijvers et al., 2004) . In addition, clearance was only slightly reduced in patients with mild to moderate renal impairment (Linnebjerg et al., 2007) .
The GLP-1R goes through endocytosis and, in the presence of agonist, the receptor cycles between the plasma membrane and endosomal compartment. The internalization of rat GLP-1R was examined in cell lines, with k on as 0.082 l/min ⅐ nmol and k off as 0.015 and 0.21 min Ϫ1 (Widmann et al., 1995) . It is noteworthy that our estimated k on was very similar to the measured value, and k off was identical to the lower value, which resulted in a K D similar to the reported lower value and comparable with other findings (Göke et al., 1995; Larsen et al., 1997; Satoh et al., 2000) . Total receptor concentrations at steady state (R tot ) in GK rats exhibited a turnover half-life of 40 min.
Pharmacodynamics. A mechanistic PK/PD model was developed to jointly describe the insulintropic effect of exendin-4 and its regulation on glycemic control in GK rats.
We found that exendin-4 produced insulin release immediately after bolus administration in a dose-dependent manner in GK rats. The acute insulintropic effect was modeled as the direct action on the insulin release rate, similar to a model in humans (Mager et al., 2004) .
As previously found in Wistar rats (Greig et al., 1999) , after exendin-4 treatment, a rebound phenomenon was observed. After a rapid release during the early time points, insulin concentrations fell below basal concentrations at 15 min and slowly returned to baseline. Moreover, in the pancreas perfusion study, GK rats exhibited a marked early response (Ͻ10 min) to GLP-1, but a blunted late-phase response, even when glucose was 5-fold higher (Edholm et al., 2009) .
Models that describe PD adaptation processes have been introduced on the basis of their primary mechanism (Mager et al., 2003) . For the rebound phenomenon observed in our data, one possible mechanism could be precursor pool depletion (Sharma et al., 1998) . Insulin secretion and release from ␤-cells consists of a series of compartments: readily released, newly synthesized, and the release pool that can be depleted by stimulation from exendin-4. It may take time to fill the depleted pool because of the slow synthesis rate. The duration of rebound depends on the administered dose (Fig. 7) . The precursor indirect response model successfully characterized insulin profiles in GK rats.
In the current study, the stimulation of insulin by exendin-4 in GK rats seems to be independent of glucose. This is possibly because chronic hyperglycemia already exists in GK rats, apart from the impaired glucose-stimulated insulin response. In addition, a total internal reflection fluorescence imaging study (Ohara-Imaizumi et al., 2004) suggested that glucose rarely stimulated insulin release from docked granules in GK rats. Therefore, it seems valid to assume glucose is not involved in the stimulation caused by exendin-4. 
PK/PD Modeling of Exendin-4 in Goto-Kakizaki Rats
Acute administration of exendin-4 has been shown to ameliorate hyperglycemia in animals by stimulating insulin secretion or directly promoting glucose metabolism (Vahl et al., 2007; Sandoval et al., 2008; Zheng et al., 2009 ). However, in rodents, most of these acute hypoglycemic effects have been found in mice studies (Young et al., 1999; Arakawa et al., 2009) , and responses are less clear in rats.
In GK rats, after the transient decrease, glucose actually increased and remained at a high level until 2 h. Likewise, several other groups have observed that acute administration of exendin-4 causes hyperglycemia in multiple strains of rats (Aziz et al., 2005; Pé rez-Tilve et al., 2010) . Extensive studies showed that acute administration of exendin-4 only lowered the glycemic response to glucose challenge in the early phase as a result of augmented early insulin secretion, and then induced hyperglycemia dose-dependently 15 to 30 min after drug administration without further increased insulin response (Pé rez-Tilve et al., 2010). However, Parkes et al. (2001) did not observe a profound glucose response when infusing exendin-4 to SD rats. One of the possible reasons could be that the first observed time point in their study was 15 min, past the time frame when the immediate insulin release and hypoglycemia were obvious in GK rats. Moreover, the glucose concentrations in SD rats were not as high as in GK rats to initiate the initial hypoglycemic effect. In addition, the hyperglycemic effect might be hidden under the response caused by the intravenous glucose bolus given at 30 min after the start of exendin-4 infusion in SD rats.
The hyperglycemic effect was believed to be related to GLP-1R in the nervous system. After acute administration, exendin-4 enters either the peripheral circulation or the central nervous system and, by activating the sympathetic nervous system, it increased blood glucose likely through enhancing hepatic glucose production in rats (Pé rez-Tilve et al., 2010). Our results confirmed that acute administration of exendin-4 also involves some complexities in diabetic rats: exendin-4 regulates glucose in vivo by stimulating its production (probably via nervous system stimulation) and enhancing its utilization (via increased insulin secretion).
In the current PK/PD model, exendin-4 directly stimulates glucose production (k inG ). Because of the dual effects from exendin-4 and insulin, blood glucose will decrease and then increase to a high level after acute treatment. A high dose of exendin-4 can overcome the expected benefits on insulin and glucose metabolism (Fig. 7) and lead to the initial glucoselowering effect to a lesser extent and a severe hyperglycemia in later time points. These results have important implications for the design and interpretation of studies using exendin-4 in diabetic rats. Although this hyperglycemic effect is not observed in humans, it might need further investigation whether it is related to the adverse effects of exendin-4 in diabetic patients.
The ability of exendin-4 to elevate blood glucose diminished over time in healthy rats (Pérez-Tilve et al., 2010) . We also found that the hyperglycemic effect is adaptable in GK rats and chronic exposure of exendin-4 by osmotic pump decreased blood glucose compared with saline-treated controls (W. Gao and W. J. Jusko, unpublished data), consistent with the beneficial glycemic effects from chronic administration in rats (Xu et al., 1999; Simonsen et al., 2007) .
The GLP-1R exists in numerous tissues such as brain, pancreas, intestine, and kidney. The present model assumes that all receptors are involved in the PK, although it is possible that differences in affinity or access exist among tissues. Total exendin-4-GLP-1R complex (RC) was used as the driving function for activation of the neural system. A more physiological way is to include a fractional factor operating on the RC because not all receptors or RC are involved in this effect.
In conclusion, we have demonstrated a novel aspect of exendin-4 action, acute hyperglycemia, in type 2 diabetic rats. Exendin-4 raises blood glucose even in the face of potentiated insulin secretion, and this action may result from increased hepatic glucose production. The mechanism-based PK/PD model well describes the PK profiles and the PD responses to both intravenous and subcutaneous doses of exendin-4 in GK rats. Our findings raise important considerations for investigating the acute glycemic effect of exendin-4 in diabetic rats and whether those effects could be related to adverse effects of drugs in diabetic patients.
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